da Silva RP, Nissim I, Brosnan ME, Brosnan JT. Creatine synthesis: hepatic metabolism of guanidinoacetate and creatine in the rat in vitro and in vivo. Am J Physiol Endocrinol Metab 296: E256 -E261, 2009. First published November 18, 2008 doi:10.1152/ajpendo.90547.2008.-Since creatinine excretion reflects a continuous loss of creatine and creatine phosphate, there is a need for creatine replacement, from the diet and/or by de novo synthesis. Creatine synthesis requires three amino acids, methionine, glycine, and arginine, and two enzymes, L-arginine:glycine amidinotransferase (AGAT), which produces guanidinoacetate acid (GAA), and guanidinoacetate methyltransferase (GAMT), which methylates GAA to produce creatine. In the rat, high activities of AGAT are found in the kidney, whereas high activities of GAMT occur in the liver. Rat hepatocytes readily convert GAA to creatine; this synthesis is stimulated by the addition of methionine, which increases cellular Sadenosylmethionine concentrations. These same hepatocytes are unable to produce creatine from methionine, arginine, and glycine.
IN VERTEBRATES, CREATINE AND CREATINE PHOSPHATE function as buffers for ATP in tissues, maintaining ATP levels when energy demand is transiently greater than the rate of ATP synthesis. They also serve in an energy shuttle between the sites of ATP synthesis and utilization (2) . Creatine can be obtained from the diet and/or synthesized de novo in the body from the amino acids arginine, glycine, and methionine. The entire pathway of creatine synthesis consists of just two enzyme-catalyzed reactions (Fig. 1) . First, the amidino group from arginine is transferred to the amino group of glycine, yielding ornithine and guanidinoacetic acid (GAA). This is catalyzed by the enzyme L-arginine:glycine amidinotransferase (AGAT). GAA can then be methylated on the original glycine nitrogen using S-adenosylmethionine (SAM) as the methyl donor. This reaction yields creatine and S-adenosylhomocysteine (SAH) and is catalyzed by the enzyme guanidinoacetate N-methyltransferase (GAMT) (31) .
The need to synthesize creatine arises from the fact that under physiological conditions creatine and creatine phosphate are spontaneously converted to creatinine, which is subsequently lost to the urine. Daily creatinine loss is estimated to be on the order of 1.7% of the total body creatine pool or around 2 g/day in a young 70-kg human male (31) . Since the total body pool of creatine is constant, the lost creatine must be replaced from either the diet or de novo synthesis. Humans on a typical Western diet obtain about one-half of their creatine by synthesis and one-half from the diet. Vegetarians obtain very little dietary creatine so that endogenous synthesis is their major source (25) .
In the rat, AGAT is highly active in the kidneys, whereas GAMT is highly active in the liver. This has given rise to the idea that GAA is synthesized primarily in the kidney and then transported to the liver where it is methylated to form creatine (31) . Evidence to date strongly suggests that AGAT is a critical control step in creatine synthesis, and it has been shown that creatine supplementation downregulates, whereas the growth hormone upregulates, AGAT expression (12, 16) . The mechanisms by which creatine and growth hormone affect the regulation of AGAT expression have not been identified, but it is known that they affect AGAT synthesis at the pretranslational level (12, 16) . On the other hand, GAMT isolated from pig or rat liver is not inhibited by creatine but is competitively inhibited by SAH, as are the other methyltransferases (8, 11) . In addition to its role in creatine synthesis, GAMT should maintain low [GAA], since it has been shown that high GAA levels result in neurotoxicity (17) . There is evidence that the regulation of creatine biosynthesis in humans is similar to that in the rat. Dietary creatine supplementation with a 4 g/kg diet (similar to the content of red meat) in rats results in a reduction of renal AGAT activity by 86% and plasma GAA levels by 70% compared with control rats fed a creatine-free diet (10) . Creatine ingestion by humans lowers plasma GAA levels, which is consistent with the downregulation of AGAT activity (9) .
Recent work from our laboratory has shown that the renal output of GAA in rats fed a creatine-free diet is equal to the renal loss of creatinine, indicating that renal GAA production is sufficient to replace creatine and creatine phosphate lost to creatinine formation (10) . This implies that in this species extrarenal tissue(s) must convert the GAA released by the kidney to creatine. In humans, however, the renal production of GAA appears to represent only 20% of the daily loss of creatinine, suggesting that GAA must be synthesized in other tissues. It has been proposed by Brosnan and Brosnan (6) that the entire creatine synthetic pathway may occur in the liver. They coined the term arginine bicycle to illustrate a situation where arginine could be acted upon by either arginase to form urea or by AGAT to form GAA; in either case, ornithine would be formed and metabolized via the urea cycle enzyme ornithine transcarbamoylase. There is also evidence for the appreciable expression of AGAT mRNA in human liver (32) . Despite past failures to measure AGAT activity under standard assay conditions in rat liver, there is immunohistochemical evidence for the AGAT protein in the cytosol of rat hepatocytes (15) . The goal of this article is to examine creatine synthesis by the rat liver both in vivo and in vitro. We also sought to establish whether AGAT is functionally active in this tissue. Our results show a brisk production of creatine from GAA by hepatocytes in vitro, as well as an hepatic uptake of GAA in vivo. We could find no evidence for a functional AGAT in the liver despite using very sensitive methods.
MATERIALS AND METHODS
Reagents. HPLC-grade methanol was obtained from Fisher Scientific (Ontario, Canada). 15 NH4Cl was obtained from Cambridge Isotope. All other chemicals and reagents were obtained from Sigma.
Animals. Male Sprague-Dawley rats (250 -350 g) were used for all experiments. Animals were housed on a 12:12-h light-dark cycle and fed Purina Rodent Chow 5001 ad libitum. Rats used for the determination of hepatic fluxes of GAA and creatine were fed a purified AIN-93G diet either free of creatine or supplemented with 0.4% creatine monohydrate, by weight, in place of an equivalent amount of corn starch. Rats were anesthetized with pentobarbital sodium, intraperitoneally, at a dose of 6 mg/100 g body wt. All procedures were approved by Memorial University of Newfoundland Institutional Animal Care Committee and were in accordance with the Guidelines of the Canadian Council of Animal Care.
Isolated hepatocytes. Rat hepatocytes were prepared as described by Seglen (23) . The viability of hepatocytes was measured by Trypan blue exclusion. Average viability was 95%. All hepatocyte incubations were carried out at 37°C in a shaking water bath using 25-ml glass Erlenmeyer flasks with rubber stoppers. Substrates were prepared in Krebs-Henseleit medium (containing 1.3 mM calcium) and gassed with 95% O 2-5% CO2. Incubations were begun by the addition of aliquots of hepatocyte suspension to the Krebs-Henseleit medium containing the substrates. Each flask was gassed with 95% O 2-5% CO 2 for 20 s after the hepatocytes were added and then stopped. Incubations were carried out in triplicate. Incubations were stoppered with the addition of 100 l of ice-cold 30% (wt/vol) perchloric acid. Precipitated protein was pelleted at 10,000 g for 10 min at room temperature. The supernatants (700 l) were removed and neutralized with 20 l of universal indicator, 40 l of 50% K 2CO3, and 20% KOH until the pH was between 6 and 8. After the samples stood in ice for 15 min, precipitated salts were removed by centrifugation at 10,000 g for 5 min at room temperature. Supernatants were then assayed for creatine as described in Creatine, GAA, SAM, and SAH measurement. Hepatocytes incubated for SAM and SAH measurement were pelleted at 3,000 g for 2 min at room temperature and flash-frozen in liquid nitrogen after the removal of the supernatant.
Hepatic blood sampling. Blood sampling was performed while rats were under anesthesia. Blood was drawn into chilled heparinized syringes and centrifuged for 15 min at 4,000 g at room temperature, and plasma was removed and stored at Ϫ20°C until analysis. Samples were drawn from the hepatic vein, the hepatic portal vein, and the abdominal aorta. The hepatic vein was accessed via cannulation of the right jugular vein with polyethylene 50 tubing. The position of the catheter tip was visually confirmed before and after blood was withdrawn. Hepatic uptake and output were calculated from the concentrations in these three vessels by assuming that the portal vein accounted for 75% of hepatic blood flow and the hepatic artery accounted for 25% (20) .
Creatine, GAA, SAM, and SAH measurement. Creatine was assayed enzymatically and by HPLC. The enzymatic method was performed as previously described (14) except that the assay was scaled down for use in 96-well microplates. The absorbance was measured in a Molecular Devices SpectraMAX 190 spectrophotometer, using Softmax Pro software, version 3.1.1. The creatine concentration was determined by reference to a standard curve. Both GAA and creatine were assayed by the HPLC method of Buchberger and Ferdig (7). GAA and creatine were derivatized with ninhydrin, and the product was separated on a C18 reverse phase YMC column (3-m particle size and 12-nm pore size; Waters) employing a Waters 600E solvent delivery system and a Waters 717 autosampler. The derivatized products were detected by means of a Shimadzu RF-535 fluorescence detector using an excitation wavelength at 390 nm and an emission wavelength at 470 nm. SAM and SAH were assayed by HPLC using a previously described method (13) . SAM and SAH were extracted by adding 3 vol of 8% TCA to cell pellets, which were then centrifuged at 12,000 g for 10 min at room temperature; supernatants were filtered through a 0.45-m nylon membrane and injected onto the column.
GAMT and AGAT assays. GAMT was assayed using a modification of the previously described method of Ogawa et al. (19) . Fresh rat livers were homogenized in 4 vol of a buffer containing 0.25 M sucrose, 10 mM HEPES, and 1 mM EDTA. Liver homogenates were centrifuged at 100,000 g at 4°C for 1 h, and the supernatants were assayed for GAMT activity. The assay contained 35 mM Tris buffer (pH 7.4), 7 mM 2-mercaptoethanol, 50 M SAM, and 0.2 mM GAA. After a 10-min preincubation of all the constituents of the assay except GAA, the assay was started by the addition of GAA. The blanks did not contain GAA. Homogenates were incubated at 37°C and were stopped with 75 l of 15% (wt/vol) TCA. This was followed by immediate neutralization with 72 l of 1 M Tris (pH 7.4). Precipitated protein was pelleted at 10,000 g for 5 min at room temperature, and creatine was assayed via the HPLC method de- scribed in Creatine, GAA, SAM, and SAH measurement. AGAT was assayed as previously described (28) . Total protein was assayed using the Biuret method.
GC-MS.
Approximately 500 l of the neutralized perchloric acid extract of hepatocytes were added into vials containing saturated aqueous sodium bicarbonate (50 l), toluene (600 l), and hexafluoroacetylacetone (50 l). The mixture was incubated for 2 h at 80°C under continuous stirring, then allowed to cool, and centrifuged at 3,000 g for 4 min, and ϳ500 l of the upper toluene phase were transferred to another vial and dried under nitrogen flow. This solid was suspended in 50 l of t-butyldimethylsilyl (t-BDMS) and incubated for 30 min at 60°C to form the t-BDMS derivatives. The mass-to-charge ratio (m/z) 344, 345, 346, and 347 ions of the GAA t-BDMS derivative and the m/z 360, 361, 362, and 363 ions of the creatine t-BDMS derivative were monitored. Sample preparation for 15 N-labeled urea and amino acids was carried out as described (5) . GC-MS measurements of 15 N isotopic enrichment were performed on either a Hewlett-Packard 5970 Mass Selective Detector (MSD) or a 5971 MSD, coupled with a 5890 HP-GC, GC-MS Agilent System (6890 GC-5973 MSD) or Hewlett-Packard (HP-5970 MSD), using electron impact ionization with an ionizing voltage of Ϫ70 eV and an electron multiplier set to 2,000 V.
Data and statistical analysis. The linearity of creatine and urea production by isolated hepatocytes was tested using linear regression. Creatine production by hepatocytes as a function of [GAA] was fitted to a curve using nonlinear regression. Plasma values for GAA and creatine were analyzed using paired t-tests, pairing different plasma samples from the same animal. SAM and SAH data were analyzed using a two-way ANOVA with a Newman-Keuls posttest. All other data were analyzed using unpaired Student's t-tests. All statistical analyses employed Prism Graph Pad software version 3.02.
RESULTS
Creatine production by isolated rat hepatocytes. Creatine synthesis in hepatocytes was linear with time, for up to 90 min, and with tissue dry mass, up to 13 mg dry wt/ml. All subsequent studies were carried out within these linear ranges. The effect of GAA concentration on the rate of creatine synthesis was also examined (Fig. 2) . The data fitted well to a rectangular hyperbola, and half-maximal GAA concentrations (13.3 M) and maximal rates of creatine synthesis (2.1 nmol⅐h Ϫ1 ⅐mg dry wt Ϫ1 ) were calculated. The addition of 0.5 mM methionine to these incubations nearly doubled the maximal rate (3.6 nmol⅐h Ϫ1 ⅐mg dry wt Ϫ1 ) without affecting the half-maximal concentration of GAA.
The stimulation of creatine synthesis by methionine is likely due to increased provision of SAM. Incubation of hepatocytes with methionine resulted in 2.9-and 2.6-fold increases in SAM over controls in the presence and absence of GAA, respectively (Table 1) . In these same incubations, SAH increased by 3.4-and 3.8-fold, respectively. The addition of methionine or GAA significantly lowered the ratio of SAM to SAH compared with the control; however, incubations with both methionine and GAA did not result in a further lowering of this ratio.
Creatine synthesis in the intact rat. We next examined the fluxes of GAA and of creatine across the liver in rats fed both creatine-free and creatine-supplemented diets (Figs. 3 and 4) . Creatine supplementation had a marked effect on circulating GAA concentrations, which were decreased by about 60% compared with those of the rats fed the creatine-free diets. There was no difference between the GAA concentrations of any of the vessels serving the liver in rats fed the creatinesupplemented diet. Hence, in these animals, there was no significant hepatic uptake or output of GAA (Fig. 3A) . In contrast, there was a significant hepatic uptake of GAA in the rats fed the creatine-free diet (Fig. 3B) . The net concentration difference across the liver, around 3.7 M, was quite appreciable, amounting to more than 70% of the GAA available in the portal vein and hepatic artery.
We also measured creatine levels in the plasma samples (Fig. 4) . Circulating creatine levels were about fourfold higher in the creatine-supplemented rats than in those fed creatine-free diet. There was no difference between the creatine levels in any of the three vessels in the rats fed either the creatine-free or creatine-supplemented diet (Fig. 4) .
Enzyme activities for the enzymes of creatine synthesis. The activities of the enzymes involved in creatine synthesis were measured in rats that had been fed creatine-supplemented and creatine-free diets (Fig. 5) . Renal AGAT activity was depressed by 84% in rats fed a diet supplemented with creatine. Hepatic GAMT activity did not differ between the rats fed creatine-free or creatine-supplemented diets. There was no difference in the rate of creatine synthesis from GAA between hepatocytes isolated from rats fed a creatine-free or creatinesupplemented diet.
Stable isotope analysis of creatine synthesis in rat hepatocytes. Hepatocytes incubated with
15 N-ammonium chloride as well as methionine and glycine, but without GAA, produced urea at a linear rate, under all substrate conditions. Incubations were performed both in the presence and absence of ornithine since it has been shown to inhibit the activity of AGAT (29) . We were unable to detect creatine in these incubations using the enzymatic method, and we were only able to detect trace amounts of creatine, which were present at time 0, using the HPLC method. However, there was no increase in creatine after incubation. Isotopic analysis showed significant enrichment of both M ϩ 1 and M ϩ 2 isotopomers of urea; however, only trace enrichment was found in creatine (Table 2) .
DISCUSSION
We have clearly demonstrated that rat hepatocytes can convert GAA to creatine. This is consistent with our previous finding that isolated hepatocytes released 50% more homocysteine when incubated with methionine and GAA compared with cells incubated with methionine alone (24) . The average maximal rate for creatine synthesis of 3.08 nmol⅐ h Ϫ1 ⅐mg dry mass Ϫ1 in hepatocytes found in this study corresponds well with the increase in the rate of homocysteine export reported by Stead et al. (24) . Our data agree with the notion of methylation demand suggested by Stead et al. (24), i.e., that methylation is sensitive to increases in substrate concentration. In this regard, it should be noted that Stead et al. (24) found that feeding GAA to rats increased plasma homocysteine, whereas feeding creatine reduced plasma homocysteine.
How well can the synthesis of creatine by isolated hepatocytes account for creatine synthesis in vivo? The liver of a 250-g rat weighs about 10 g, of which 70% is water. Using our maximal rates of creatine synthesis by isolated hepatocytes (3.08 nmol⅐min Ϫ1 ⅐mg dry wt Ϫ1 ), we can calculate a maximum in vivo rate of hepatic creatine synthesis of 221 mol ⅐24 h Ϫ1 ⅐250 g rat Ϫ1 . However, a more physiological estimate requires that we take into account the substrate levels that occur in vivo. The K m of GAMT for SAM has been reported to be 49 M (8), and hepatic SAM levels were almost 200 nmol/g (1), so it may be assumed that in vivo SAM levels are not normally limiting. However, in vivo levels of GAA are certain to be a limiting factor. It is therefore necessary to take into account the [GAA] that is presented to the liver (about 5 M) and the [GAA] required for half-maximal rates of creatine synthesis by isolated hepatocytes (about 13.3 M). Using this data, we can predict an in vivo rate of hepatic creatine synthesis of about 60 mol⅐24 h Ϫ1 ⅐250 g rat Ϫ1 . We can compare this with the rate of hepatic GAA uptake in vivo by multiplying our [GAA] difference across the liver (3.7 M) by the hepatic venous plasma flow rate (4.32 ml⅐min Ϫ1 ⅐100 g body wt Ϫ1 ) reported by Welbourne et al. (30) . Such a calculation yields a rate of hepatic GAA uptake of 57 mol⅐24 h Ϫ1 ⅐250 g rat Ϫ1 . The close agreement between these two estimates reflects the physiological relevance of our in vitro experiments. We may also compare these data with the rate of urinary creatinine excretion from rats on creatine-free diets, about 55 mol⅐24 h Ϫ1 ⅐250 g rat Ϫ1 (data not shown). It is probably somewhat fortuitous that these numbers are in such close agreement. Nevertheless, with the allowance for the assumptions required for these calculations, it is evident that the liver is the major producer of creatine in the rat and that our in vitro studies with hepatocytes are a good reflection of the situation in vivo. We Data are expressed in nanomoles per gram wet mass of liver cells as means Ϯ SD; n ϭ 4 hepatocyte preparations. Hepatocytes were incubated for 60 min at 37°C and incubated 0.5 mM methionine and 125 M guanidinoacetate acid (GAA). P Ͻ 0.05. *Significant difference from the control; †significant difference from corresponding incubations with GAA. SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine.
do not, however, imply that the liver is the sole site of creatine synthesis. Both AGAT and GAMT occur in tissues other than kidney and liver. In particular, it is known that the brain can synthesize creatine (31) . The central nervous system may even be considered as autonomous in creatine synthesis since there is evidence that the blood-brain barrier is poorly permeable to creatine (3) .
Our results also show that rat liver in vivo can clear over half of the GAA presented to it; to our knowledge this is the first time this has been shown. Creatine output by livers of animals fed creatine-free diets in vivo did not attain statistical significance. However, given that plasma creatine in these animals is about 70 M, the production of an additional 3.7 M by the liver would be too small for us to reliably demonstrate. However, the clear uptake of GAA by the liver in vivo and the demonstration of creatine synthesis from GAA by isolated hepatocytes indicates that the liver produces creatine in vivo and thus would require a means by which creatine exits the liver. Creatine transporters have been described in muscle (18), brain, kidney, and intestine (4). These are Na ϩ -and Cl Ϫ -dependent active transporters, which concentrate creatine intracellularly. Intracellular-to-extracellular creatine gradients of greater than 100 to 1 are known in skeletal muscle (4) . However, such transporters seem inappropriate for the liver. We have found creatine levels to be ϳ0.25 mol/g in freezeclamped rat liver (data not shown). Therefore, the concentration gradient in liver is outward. We suggest that hepatocytes may express a novel creatine transporter as well as a GAA transporter. These issues have not yet been explored.
With respect to the question of whether the entire pathway of creatine synthesis occurs in rat hepatocytes, we must conclude that it does not. Using a highly sensitive HPLC method (limits of detection, 25 nM), we were unable to detect creatine production by isolated hepatocytes incubated with pyruvate (as a source of energy as well as a source of oxaloacetate for aspartate production) and 15 N-ammonium chloride, methionine, and glycine. This was confirmed by the absence of significant isotopic enrichment of creatine from 15 N-ammonium. In these same incubations, there was synthesis of urea together with substantial labeling of urea. A significant flux of arginine derived from the urea cycle into the creatine synthetic pathway would yield similarly labeled creatine. Thus we conclude that the entire creatine synthetic pathway does not occur in rat hepatocytes. We caution, however, that this may be a speciesspecific observation and that in other mammals the liver may contain functional AGAT activity and thus the entire creatine synthetic pathway. There is considerable variability in the tissue distribution of AGAT and GAMT activities among different species (27) . As discussed in the INTRODUCTION, renal production of GAA in humans is only 20% of creatinine loss and, thus, humans are likely candidates to have the entire creatine synthetic pathway in the liver. To our knowledge, there has been only one study by Sandberg et al. (21) that reported GAA uptake by human liver. However, we do not consider this result to be reliable because the reported plasma [GAA], of about 20 M, is some four-to fivefold than reported by modern techniques (10, 22, 26) . This discrepancy is likely due to the use of the older Sakaguchi colorimetric method, which is not specific for GAA; in particular, arginine interferes in this assay.
Finally, our results shed light on the regulation of creatine synthesis in the rat. The feeding of creatine decreased neither the hepatic GAMT activity nor the capacity for creatine synthesis by isolated hepatocytes. This contrasts vividly with the massive downregulation of renal AGAT in such animals (10, Fig. 5 . Enzyme activities of AGAT and GAMT and creatine production by hepatocytes isolated from rats fed different diets. A: renal AGAT activity. B: hepatic GAMT activity. C: creatine synthesis in hepatocytes. White bars, rats fed the creatine-free diets; dark gray bars, rats fed the creatine-supplemented diets. Hepatocytes were incubated with 0.5 mM methionine and 125 M GAA at 37°C for 60 min. All values are expressed as means Ϯ SD. *Statistical significance P Ͻ 0.05 (n ϭ 4). Values are expressed as atom percent excess as means Ϯ SD; n ϭ 4 hepatocyte preparations. Incubations included 5 mg dry mass hepatocytes for 30 min at 37°C. Hepatocytes were incubated with (in mM) 1 15 N-ammonium chloride, 2 pyruvate, 0.5 methionine, 1 glycine, and 1 ornithine where indicated. M, mass isotopomers of molecular weight 60 g/mol for urea and 130 g/mol for creatine. M ϩ 1 and M ϩ 2 are, respectively, 1 and 2 mass units heavier than M. 16 ). We also confirmed the finding of Edison et al. (10) that creatine feeding markedly reduces circulating GAA levels, from about 5 M to about 2 M. Since the [GAA] for half-maximal rates of creatine synthesis in hepatocytes is about 13 M, hepatic creatine synthesis should be almost directly proportional to circulating [GAA] . This, in turn, indicates that creatine synthesis in rats is primarily regulated in the kidney rather than the liver.
